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The generation of distinctive cell types that form different tissues and organs requires precise, temporal and spatial
control of gene expression. This depends on specific cis-regulatory elements distributed in the noncoding DNA sur-
rounding their target genes. Studies performed on mammalian embryonic stem cells and Drosophila embryos suggest that
active enhancers form part of a defined chromatin landscape marked by histone H3 lysine 4 mono-methylation
(H3K4me1) and histone H3 lysine 27 acetylation (H3K27ac). Nevertheless, little is known about the dynamics and the
potential roles of these marks during vertebrate embryogenesis. Here, we provide genomic maps of H3K4me1/me3 and
H3K27ac at four developmental time-points of zebrafish embryogenesis and analyze embryonic enhancer activity.We find
that (1) changes in H3K27ac enrichment at enhancers accompany the shift from pluripotency to tissue-specific gene
expression, (2) in early embryos, the peaks of H3K27ac enrichment are bound by pluripotent factors such as Nanog, and
(3) the degree of evolutionary conservation is higher for enhancers that become marked by H3K27ac at the end of
gastrulation, suggesting their implication in the establishment of the most conserved (phylotypic) transcriptome that is
known to occur later at the pharyngula stage.
[Supplemental material is available for this article.]
During the course of embryonic development, spatio-temporal
specificity in gene expression is achieved through the action of cis-
acting regulatory DNA. By far, the most widely studied population
of these regulatory sequences is transcriptional enhancers. They
contain multiple binding sites for a plenitude of transcription
factors that can interact with promoters in cis, independently of
their genomic location (Tjian and Maniatis 1994; Ong and Corces
2011). Genomic studies performed in variousmodel systemshelped
in identifying the chromatin environment these elements reside
in. Enhancers correlate with the enrichment of histone H3 lysine 4
monomethylation (H3K4me1), are located within DNase hyper-
sensitive sites, and are able to recruit transcriptional activators
such as EP300 (also known as p300) and CREBBP (also known as
CBP) (Heintzman et al. 2007, 2009; Visel et al. 2009; Kim et al.
2010). Moreover, it has been proposed that enhancers can be di-
vided into distinct functional classes based on their epigenetic
makeup. So far, the best predictor of active enhancers is the
coenrichment of H3K4me1 and H3K27ac (Creyghton et al. 2010;
Hawkins et al. 2011; Rada-Iglesias et al. 2011; Bonn et al. 2012),
even though chromatin marks such as H3K4me3 and H3K36me3
have also proven useful in active enhancer annotation (Pekowska
et al. 2011; Zentner et al. 2011). Next-generation sequencing
(coupled to ChIP or FAIRE) has been described as the method of
choice for the identification of gene regulatory elements during
embryogenesis (Visel et al. 2009; Blow et al. 2010; Aday et al. 2011)
or within the context of human diseases (Gaulton et al. 2010;
Sakabe and Nobrega 2010). Indeed, the zebrafish (Danio rerio)
model system was recently employed in an H3K4me1/me3-based
genome-wide screen to identify putative cis-regulatory features in
a vertebrate embryo (Aday et al. 2011). Similarly, a recent study
performed on Drosophila embryos provided substantial insights
into how chromatin modifications relate to spatio-temporal en-
hancer activity (Bonn et al. 2012). Notwithstanding these con-
siderable efforts to deduce the genomic cis-regulatory logic within
a developmental context, not much is known on how many of
these sequences are actually active during different stages of
vertebrate embryogenesis and what their functions are in vivo.
Using the ChIP-seq approach, we have generated genomic tracks
of H3K4me3, H3K4me1, and H3K27ac histone modifications at
four developmental time-points of zebrafish embryogenesis. Based
on these genomic signatures, we have identified stage-specific col-
lections of putative distal regulatory elements (PDREs). Stable
transgenesis experiments demonstrate that the majority of PDREs
act as transcriptional enhancers in vivo. Within the identified
PDREs, we find sites displaying significant differences in H3K27ac
enrichment between subsequent developmental stages. These dif-
ferentially acetylated regions associate with genes involved in stage-
specific developmental processes and provide binding sites for
pluripotency factors and tissue-specific transcriptional regulators
during early and late embryogenesis, respectively. Indeed, we show
that the pluripotent factor Nanog binds to sites of H3K27ac en-
richment in the early embryo and that stage-specific H3K27
acetylation correlates with temporal expression intensities of nearby
genes. In total, we have examined the embryonic epigenomes as-
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sociated with early zebrafish development and generated a collec-
tion of stage-specific enhancer elements that modulate the embry-
onic transcriptome. In addition to expanding on the prior knowl-
edge derived from cell culture research, this study will contribute to
the identification of gene regulatory networks associated with early
developmental processes.
Results
Identification of putative
distal regulatory elements
in the zebrafish genome
To interrogate the genomic landscape of
putative regulatory elements in zebrafish
embryos, embryonic chromatin originat-
ing from dome, 80% epiboly, 24 h post-
fertilization (hpf) and 48 hpf embryos
(Kimmel et al. 1995) was immunoprecip-
itated with H3K4me1, H3K4me3, and
H3K27ac antibodies (Fig. 1A). The reads
obtained from sequencing of immuno-
precipitated DNA were then aligned to
the D. rerio genome (Ensembl version
Zv8) (Supplemental Table S1). H3K4me3,
as expected (Santos-Rosa et al. 2002),
marked promoters, whereas H3K4me1
and H3K27ac, besides marking promot-
ers, displayed broader profiles in line
with their role of open chromatin and
enhancer marks (Fig. 1B; Heintzman
et al. 2007; Creyghton et al. 2010; Hawkins
et al. 2011; Rada-Iglesias et al. 2011).
Both H3K4me1 and H3K27ac correlate
well with temporal expression patterns
and the identified enhancers of genes
such as neurog1 (Fig. 1B,C; Blader et al.
2004). Actually, the enhancer mark de-
position in some cases precedes tran-
scriptional activation, determined by
H3K4me3 enrichment (Fig. 1B). Ge-
nomic peaks of H3K4me1/me3 and
H3K27ac were identified by the MACS
algorithm (Zhang et al. 2008) and vali-
dated by ChIP-qPCR (Supplemental Fig.
S1). In addition, the comparison of our
data with previously published data
corresponding to a single-stage zebra-
fish ChIP (Aday et al. 2011), revealed
almost identical genomic patterns for
H3K4me1 and H3K4me3 between the
two studies (Supplemental Fig. S2). Us-
ing a similar approach as described pre-
viously (Creyghton et al. 2010), a stage-
specific PDRE collection was generated
based on the presence of the H3K4me1
signature (Fig. 2A,B; Supplemental Table
S2). In agreement with the genomic in-
tersections (Supplemental Fig. S3), we
observe a genomic colocalization of
H3K4me1 and H3K27ac marks (Fig. 2A).
Keeping in mind that H3K4me1 is a
constitutive enhancer mark whereas H3K27ac is associated with
tissue-specific enhancer activation (Bonn et al. 2012), we do not
exclude the possibility that these twomarks might mark different
embryonic cell populations. When clustered together over stage-
specific PDRE collections, H3K4me1 and H3K27ac display similar
but not identical dynamics (Supplemental Fig. S4). The number
of PDREs identified at the dome (blastula) stage is considerably
(;10-fold) smaller than the number of PDREs identified at other
stages, possibly because of reduced tissue complexity at blastula
stages (Fig. 2B). Upon closer inspection of the PDREs, a substantial
Figure 1. Genomic locations of H3K27ac, H3K4me1, and H3K4me3. (A) A schematic representation
of zebrafish early development. H3K4me1/me3 and H3K27ac were immunoprecipitated at the de-
scribed stages. (B) UCSC Genome Browser view of H3K27ac, H3K4me1, and H3K4me3 tracks obtained
for four zebrafish developmental stages: dome, 80% epiboly, 24 hpf, 48 hpf. (Red asterisks) Previously
described neurog1 enhancers. (C ) Endogenous expressionpattern of neurog1 at 80%epiboly, 24-hpf, and
48-hpf zebrafish embryos driven byH3K4me1/H3K27ac-marked transcriptional enhancers. The transcript
is localized along the central nervous system (forebrain, midbrain, hindbrain, and spinal cord).
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shift in PDRE size was discovered; dome-specific PDREs are more
than twofold wider than PDREs identified at the 80% epiboly stage,
followed by further decrease in size at 24 hpf and 48 hpf (Fig. 2C).
These temporal changes in PDRE size suggest a relatively open and
permissive regulatory landscape in early embryos. A significant pro-
portion of PDREs is conserved among other teleost species such as
stickleback, whereas this conservation is reduced, but still present, in
humans (Fig. 2D). To establish a link between identified PDREs and
developmental processes, a merged collection of PDREs from all four
examined stages was mapped to their closest genes, and the distri-
bution of PDREs around genes with gene ontology related to de-
velopmentwas compared to randomly selected genes (Fig. 2E). The
developmental genes were significantly (Kolmogorov-Smirnov
test, P-value<0.00001) enriched for PDREs when compared to
their random controls, supporting a role for PDREs in develop-
mental processes.
Differentially H3K27-acetylated regions provide binding sites
for stage-specific transcription factors
Following the observation that deposition of H3K27ac is more
dynamic than that of H3K4me1 (Creyghton et al. 2010; Rada-
Iglesias et al. 2011; Bonn et al. 2012), we decided to identify regions
displaying significant changes in H3K27ac enrichment between
subsequent developmental stages. These differentially acetylated
regions (DARs) were identified using Fisher’s exact test (for details,
see Methods) and visualized by k-means clustering (k = 3) (Sup-
plemental Fig. S5A–D; Supplemental Tables S3–S5). The first two
clusters (Supplemental Tables S6–S8) correspond to regions either
gaining or losing H3K27ac between two subsequent developmen-
tal stages (Fig. 3A,B; Supplemental Figs. S5, S6). The dome80%
epiboly DARs (Fig. 3A) form two clusters; the first cluster (DAR1) is
highly enriched for H3K27ac at the dome stage followed by a loss
of this mark at 80% epiboly. H3K4me1 also follows this pattern
with, however, a noticeable delay. Cluster 2 corresponds to DARs
that gain both H3K27ac and H3K4me1 at 80% epiboly and remain
enriched for both marks during early development (DAR2). The
80% epiboly24 hpf DARs (DAR3 and DAR4) (Fig. 3A) are marked
in a similar fashion. In both clusters, the H3K4me1 mark follows
the dynamics of H3K27ac and even precedes H3K27ac at 80%
epiboly (Supplemental Fig. S6D). The differential enrichment of
H3K27ac has been confirmed in a series of independent ChIP
experiments and validated by qPCR (Supplemental Fig. S7). In
addition, only a small number of DARs was identified for 24-hpf
Figure 2. Characteristics of identified putative distal regulatory elements. (A) Heat maps showing the distribution of H3K4me1/me3 and H3K27ac
tags 5kb/+5kb relative to the PDRE center at four developmental stages. (B ) The number of PDREs identified at dome (blastula) stage is considerably
lower than the number of PDREs identified at 80% epiboly or 24/48 hpf, in line with reduced tissue complexity of blastula embryos. (C ) Box plots
showing the distribution of PDRE length at four examined developmental stages. The PDREs identified at dome stage are considerably larger than the
ones identified at subsequent stages, possibly due to a more relaxed chromatin conformation present during early embryogenesis. (D) Conservation of
identified PDREs as judged by genomic overlaps with regions conserved to teleosts (sticklebacks) and humans. Approximately 40% and 20% of PDREs
overlap with regions conserved in sticklebacks and humans, respectively. (E ) The identified PDREs are significantly enriched (Kolmogorov-Smirnov test,
P-value<0.00001) for developmental genes, indicative of a role these sequences might play in early development.
Epigenetic regulatory landscape during embryogenesis
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Figure 3. H3K27 differentially acetylated regions. (A) K-means clustering (k = 2) of regions differentially acetylated between subsequent developmental
stages. The H3K4me1mark follows the dynamics of H3K27ac; however, it disappears after H3K27ac has already disappeared (DAR1) (left panel). Similarly
to regions differentially acetylated between dome and 80% epiboly, in later DARs, the H3K4me1 mark follows H3K27ac and even precedes H3K27ac on
certain genomic locations (DAR4). (B) A schematic representation of different DARs; terms ‘‘acetylated’’ and ‘‘deacetylated’’ correspond to genomic
locations identified by Fisher’s exact test as differentially enriched for H3K27ac between two subsequent stages. (C ) Distribution of gene expression
intensities (RNA-seq reads normalized for gene length) displays an overall positive correlation with H3K27ac deposition on enhancer elements at all stages.
The H3K27 acetylated DARs are found in the vicinity of highly expressed genes. (D) Hierarchical clustering of motif occurrence in differentially acetylated
regions. The frequency of all JASPAR vertebrate motifs in the four DAR clusters was compared to the frequency in all PDREs. All motifs significantly
overrepresented (P < 0.05, hypergeometric test in combination with Benjamini-Hochberg correction) in at least one DAR cluster were combined and
clustered. (Yellow) Overrepresentation compared to all PDREs; (blue) underrepresentation. (E) Cumulative frequency (Cf) of DARs was plotted against
average phastCons (PC) conservation scores that were calculated for each DAR. Each point on the graph represents the frequency of DARs with that of
a lower PC score. The frequency of dome () 80% epi (+) DARs with a PC score 0 is 0.43, whereas that number is considerably higher (0.59) for dome (+)
80% epi () DARs, making them, therefore, less conserved. The black dotted lines correspond to the range of conservation of random DNA.
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and 48-hpf stages (Supplemental Fig. S5D; Supplemental Table S8).
This observation is not surprising since in 24- and 48-hpf embryos,
most tissues are already formed and enhancer activity is likely lo-
calized to reduced areas of gene expression, making changes in
enhancer makeup more difficult to detect in whole embryos. To
identify genes potentially regulated by DARs, genomic locations
of each cluster were mapped to their nearest genes, and a gene
ontology (GO) analysis was performed (Supplemental Fig. S8;
Supplemental Tables S9–S12). DARs enriched for H3K27ac at
dome but not later were not associated with any specific GO
category (Supplemental Table S9). However, DARs that become
marked by H3K27ac at 80% epiboly as well as DARs that lose or
gain H3K27ac at 24 hpf were highly enriched for developmental
processes (Supplemental Fig. S8). Interestingly, DARs that lose
H3K27ac at 24 hpf represent fairly specific GO categories associ-
ated with developmental processes operating mainly during
epiboly stages.
To test how differential H3K27ac acetylation of putative en-
hancers influences the expression status of neighboring genes, our
H3K27ac datawas integratedwith previously published expression
(RNA-seq) profiles of similar zebrafish developmental stages (Fig.
3C; Pauli et al. 2012). The number of RNA-seq reads was de-
termined for all genes (Ensembl models) that reside in the vicinity
of H3K27ac DARs. Indeed, the temporal profiles of H3K27ac dis-
play a noticeable positive correlation with gene expression data
throughout the early development; the regions marked with
H3K27ac at the dome stage (DAR1) associate with genes that are
more highly expressed at that stage than other stages where the
putative elements are deacetylated (Fig. 3C). A similar positive
correlation was observed for other DARs. We next wanted to de-
termine whether the identified DARs differ in the composition of
transcription factor binding sites. Sequences corresponding to
each cluster were analyzed for the presence of known vertebrate
transcription factor signatures (Sandelin et al. 2004). Strikingly,
DARs acetylated at dome and 80% epiboly stages but not later
(DARs 1 and 3) were found significantly enriched for pluripotency
factor motifs such as Pou5f1 and Sox2 as opposed to regions that
acquire H3K27ac at 80% epiboly or 24 hpf that were enriched for
tissue-specific transcription factor motifs (Fig. 3D; Supplemental
Tables S13–S16). Furthermore, we wanted to establish whether
DARs display differences in sequence conservation. To that end,
we have calculated average conservation scores (phastCons)
(Siepel et al. 2005) for each DAR present in each cluster and
plotted their cumulative frequencies (Fig. 3E). Whereas the
phastCons scores of earliest DARs acetylated in dome fall within
the range of values observed for randomly chosen genomic re-
gions, DARs that become acetylated at 80% epiboly and stay
marked through the early development, are by far the most
conserved ones. The other two groups marked at 80% epiboly
and 24 hpf display conservation scores similar to the ones cal-
culated for random genomic DNA. It has been recently described
that the most conserved (oldest) zebrafish transcriptomes are
the ones expressed during segmentation/pharyngula stages
(Domazet-Loso and Tautz 2010; Kalinka et al. 2010). Our results
indicate that the cis-regulatory state needed for the expression
of such conserved transcriptomes is possibly established at the
epiboly stage, prior to segmentation. Altogether, these findings
suggest that H3K27ac marks the transition from pluripotency to
cell specification and that regions differentially marked by
H3K27ac can be divided into distinct classes based on their
evolutionary conservation scores and in line with their de-
velopmental function.
Nanog binds to putative early enhancers that are deacetylated
during gastrulation
As discussed above, DARs acetylated at dome and 80% epiboly
(DARs 1 and 3), but not later, were found significantly enriched for
pluripotency factor Pou5f1 and Sox2 binding sites. A recent ChIP-
seq study of a Nanog-like homolog in zebrafish (Xu et al. 2012)
enabled us to further explore this finding and provide more sub-
stantial proof that early DARs might be involved in the regulation
of pluripotency. In mammals, the Nanog gene codes for a homeo-
box transcription factor implicated in self-renewal of embryonic
stem cells (Chambers et al. 2007). As predicted, we indeed observe
an enrichment of the Nanog-like protein in DARs that are acety-
lated early on (DAR1 and DAR3) and potentially associated with
other pluripotent factors (Supplemental Fig. S9A). Furthermore, we
observe a direct link between the Nanog-like protein and early
H3K27-acetylated enhancers found in the vicinity of pluripotent
genes such as pou5f1 (Supplemental Fig. S9B). To reconcile our
observations and provide a better insight into the dynamics of
enhancer makeup during early development, we have clustered
the genomic profiles of Nanog-like protein, H3K27ac and
H3K27me3 (Pauli et al. 2012), another mark proposed to label
poised and inactive enhancers (Fig. 4A; Supplemental Fig. S10;
Rada-Iglesias et al. 2011; Bonn et al. 2012). The clustering was
performed over PDREs enriched for H3K4me1 and depleted of
H3K27ac at 80% epiboly, as these regionswould enable us to detect
the proportion of active (H3K27-acetylated) and inactive (H3K27-
deacetylated) enhancers before and after this stage. In total, four
clusters can be identified. The first cluster (1) corresponds to PDREs
marked with H3K27me3 at the shield stage (between dome and
80% epiboly). These PDREs are deacetylated and show no partic-
ular Nanog-like enrichment. However, these regions display
an increase in H3K27ac at the 24-hpf and 48-hpf stages. The sec-
ond cluster (2) is potential poised enhancers, marked only by
H3K4me1. The third cluster (3) corresponds to PDREs, H3K27-
acetylated at the dome stage but not later. These regions are highly
enriched in the Nanog-like factor at the dome stage as predicted by
the genomic intersections (Supplemental Fig. S9A). Cluster four (4)
consists of regions that become acetylated after gastrulation, dis-
playing the highest H3K27ac enrichment at 48 hpf. We next
wanted to explore whether the nearby genes of the described
PDREs are enriched in certain GO categories (Fig. 2B). Indeed, we
find PDREs from the first cluster linked to genes enriched in neural
development. The genes belonging to the second cluster display
enrichment for processes related to brain development, known to
occur in later stage embryos. The third and the fourth cluster are
enriched in processes corresponding to early embryos (de-
velopmental process, multicellular organismal process) or late
embryos (regulation of cell differentiation), respectively. To dem-
onstrate a link between differential PDRE makeup and gene ex-
pression, we have obtained expression intensities (Pauli et al.
2012) of nearby genes at corresponding developmental stages (Fig.
4C). We again observe a positive correlation of H3K27ac and gene
expression. Accordingly, the genes associated with PDREs marked
only by H3K4me1 (cluster 2), displayed lower expression in-
tensities than those marked by both H3K4me1 and H3K27ac. Al-
together, we find that only a small proportion of PDREs aremarked
by H3K27me3, in line with previous observations in human ESCs
(Hawkins et al. 2011; Rada-Iglesias et al. 2011). These regions ap-
pear to gain H3K27ac during later stages; probably the PDREs
marked by H3K27me3 remain marked in that fashion whereas
the ones that gain H3K27ac belong to different nucleosomal
Epigenetic regulatory landscape during embryogenesis
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populations. Finally, we observe a strong coenrichment of H3K27ac
and the Nanog-like protein on early developmental enhancers,
thereby supporting the notion of early DARs playing a role in
pluripotency networks.
Most PDREs function as enhancers in stable transgenic assays
We next aimed to validate the enhancer activity of identified
PDREs. We therefore examined the genomic region encompassing
zic3 and fgf13a genes. This region was chosen for the following
reasons: (1) the zic3 and fgf13a genes are evolutionarily linked in
all vertebrates (Keller and Chitnis 2007); (2) this genomic region
contains a large number of PDREs with different degrees of evo-
lutionary conservation that could control the expression of zic3,
fgf13a or both genes; and (3) both zic3 and fgf13a play essential
roles during development. The zinc finger transcription factor
encoded by the zic3 gene is associated with pluripotency, hetero-
taxy, and cardiac and neural tube defects in humans (Grinberg
et al. 2004; Ware et al. 2004, 2006; Lim et al. 2007), whereas fgf13
that encodes an intracellular FGFmolecule is required for processes
Figure 4. Clustering of H3K27ac, H3K27me3, and Nanog over poised (only H3K4me1-marked) enhancers at 80% epiboly. (A) K-means clustering
(k = 4) identifies four groups of regulatory elements. The first group is enhancers marked by H3K27me3 that gain H3K27ac as the development proceeds.
The second group corresponds to elements that remain poised during early development. The third and the fourth group correspond to elements that
gain or lose H3K27ac, respectively. Zebrafish Nanog-like factor displays strong enrichment over early active (H3K27ac) enhancers. (B) GO analysis of
nearest neighbor genes associated to each cluster. Only the four entries displaying highest enrichments are shown (P-value cut-off = 0.01). (C ) Distribution
of gene expression intensities (RNA-seq reads normalized for gene length) associated with each cluster. As previously shown, an overall positive correlation
exists between expression intensity and enhancer H3K27ac levels.
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such asneuronal differentiation and cardiac conductivity (Nishimoto
and Nishida 2007;Wang et al. 2011).We have selected 18 PDREs
distributed along 600 kb harboring the zic3 and fgf13a genes
(Fig. 5A; Supplemental Table S17) and tested them using the
zebrafish enhancer detection (ZED) vector (Bessa et al. 2009) for
enhancer activity in stable transgenic assays (Fig. 5B–M). This
vector has been specifically designed for enhancer assays and, as
such, contains a positive control for transgenesis efficiency (Bessa
et al. 2009). Whereas most of these PDREs (12 of 18, 67%) dis-
played enhancer activity, 33% of them were negative in our en-
hancer assay (Supplemental Table S16), indicating that either not
all H3K4me1 and H3K27ac-marked regions behave as functional
enhancers or that the tested enhancers act in concert with other
sequences not included in these assays. Most of these PDREs reside
within the 300 kb surrounding the zic3 locus, suggesting that they
are likely regulating this gene. Accordingly, in stable transgenic
embryos, these PDREs activated reporter gene expression in tissues
that are more reminiscent of the domains expressing zic3 and not
fgf13a (Fig. 5N,O; Sprague et al. 2006). Enhancer activity was in-
dependent of the degree of sequence conservation of these PDREs
(Fig. 5A). These data support previous observations thatH3K4me1/
H3K27ac-marked regions contain active enhancers and that such
activity can be reproduced in vivo. In addition, we demonstrate
that enhancers associatedwith a certain genomic locus can, by and
large, reproduce the expression pattern of the nearby gene.
Discussion
In the present study, we set out to investigate the regulatory
landscapes associated with early vertebrate development. Recent
reports have addressed the dynamics of chromatin marks associ-
ated with enhancer elements during stem cell differentiation
(Creyghton et al. 2010; Hawkins et al. 2011; Rada-Iglesias et al.
2011). However, it is still unclear how the identification of stem
cell enhancers can be extrapolated to mammalian/vertebrate de-
velopment. Even though such studies provide valuable insights
into the mechanisms of cis regulation, their in vivo significance
remains to be determined. For example, ES cells are derived from
the inner cell mass (ICM), which is one of the two products of the
first lineage differentiation event in mammals. This event is ac-
companied by the asymmetric deposition of the H3K27me3 mark
(Dahl et al. 2010). In addition, it has been demonstrated that the
very process of ESC derivation causes robust changes in both
H3K4me3 and H3K27me3 methylation (Dahl et al. 2010). Simi-
larly, differences in transcriptional programs between ES cells and
ICM outgrowths have also been detected by RNA-seq profiling
(Guo et al. 2010; Tang et al. 2010). Taken together, these findings
suggest that ES cells and the embryonic tissues they are derived
fromdiffer in theirmodes of transcriptional regulation as well as in
their intrinsic pluripotency. Studies performed on early vertebrate
embryos such as those of zebrafish (Danio rerio), might therefore
provide less biased insights into themechanisms of transcriptional
regulation associated with early development.
Our genome-wide analysis of H3K4me1 and H3K27ac at four
different stages allowedus to identify;50,000 potential cis-regulatory
elements operating during the first 48 h of zebrafish development.
This number is similar to the total number of enhancers found in
nine different cell types in humans (Ernst et al. 2011). In contrast
to the relatively high number of potential cis-regulatory elements
found in gastrula (24,600), 24-hpf (24,000), and 48-hpf (15,000)
embryos, we identify only 2000 regions at the blastula stage.
This demonstrates that the high complexity of gene expression
associated with the transition from blastula to gastrula, necessary
to generatemultiple cellular types, is driven by a robust increase in
cis-regulatory activity. Interestingly, we also find that the most
conserved cis-regulatory elements are those that are turned on
during the transition fromblastula to gastrula. Our results correlate
well with the degree of trans-vertebrate transcriptome conserva-
tion during development (Domazet-Loso and Tautz 2010; Irie and
Kuratani 2011); transcriptome conservation is higher during verte-
brate segmentation and minimal at the blastula stages, supporting
the ‘‘hourglass’’ model of developmental evolution, which states
that maximum morphological similarity between vertebrates oc-
curs at the phylotypic stage. Our results suggest that the regula-
tory state necessary to achieve such a conserved transcriptome at
the phylotypic stage can be detected somewhat earlier, during late
gastrulation, by means of the most evolutionary conserved sets of
potential cis-regulatory elements.
We hereby provide a powerful resource that will allow for the
dissection of gene regulatory networks, in which genes that oper-
ate during different embryonic stages are immersed. Our stable
zebrafish transgenics demonstrate that most of the regions dis-
playing H3K4me1 and H3K27ac histone marks are associated with
enhancers. Nevertheless, one third of the H3K4me1/H3K27ac-
marked regions assayed exhibited no signs of enhancer activity.
These sequences could be promoter-specific enhancers or en-
hancers that act in concert with other sequences not tested in our
transgenic assays. Alternatively, H3K4me1/H3K27ac may also be
associated with other types of cis-regulatory regions. Furthermore,
we observe that H3K4me1 and H3K27ac largely overlap but that
their dynamics of deposition and removal are somewhat different.
Thus, as previously reported in mammalian stem cells and Dro-
sophila embryos (Creyghton et al. 2010; Hawkins et al. 2011; Rada-
Iglesias et al. 2011; Bonn et al. 2012), H3K4me1 deposition pre-
cedes that of H3K27ac at many sites. These regions likely corre-
spond to poised enhancers, as proposed for mammalian stem cells
(Creyghton et al. 2010; Hawkins et al. 2011; Rada-Iglesias et al.
2011). However, these studies have shown contradictory results on
whether H3K27me3 is a mark of poised or inactive enhancers
(Hawkins et al. 2011; Rada-Iglesias et al. 2011; Bonn et al. 2012).
Here, we demonstrate thatH3K27me3 can only be found in a small
fraction of H3K4me1 positive/H3K27ac negative regions. These
regions seem to acquire H3K27ac along the developmental period
examined, in line with their proposed role for poised enhancers.
However, it is not clear whether H3K27ac deposition occurs in
the same cells where these regions were previously marked by
H3K27me3. It is therefore still plausible that H3K27me3-marked
regions may correspond to inactive enhancers, as previously
reported in Drosophila (Bonn et al. 2012). Nevertheless, we were
not able to detect the H3K27me3 mark on early active enhancers
(H3K27ac/Nanog) during later stages, even though these regions
lost H3K27ac. One explanation could be that the H3K27me3 de-
position requires more time. If so, the H3K27me3-marked sub-
group of enhancers could represent very early enhancers that are
already silenced at the gastrula stage. Our results also indicate that
H3K4me1 precedes H3K27ac and that the removal of H3K4me1 is
somewhat delayed when compared to the removal of H3K27ac.
These data could be compatible with a temporal scenario in which
poised enhancers marked by H3K4me1 acquire H3K27ac when
activated and lose this mark when inactivated. Some of these en-
hancers could be further inactivated in a more permanent way by
the Polycomb complex causing the deposition of H3K27me3.
However, the confirmation of this scenario will require further
studies.
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Figure 5. Enhancer activity of PDREs analyzed in stable (F1) zebrafish transgenic lines. (A) Distribution of H3K4me3, H3K4me1, and H3K27ac tracks
along 500 kb spanning the zic3 locus at 24 hpf. Shaded in gray are 18 PDREs assayed for enhancer activity in zebrafish transgenic embryos. These PDREs
show different degrees of evolutionary conservation as indicated by the conservation tracks below. Out of 18 tested regions, six regions did not exhibit
enhancer activity (red numbers). (B–O) Lateral views of 24-hpf zebrafish embryos. (B–M) GFP expression driven by the PDREs indicated in the lower right
corner of each panel. (N,O) Expression patterns of zic3 and fgf13a genes at the same stage. Forebrain (f); midbrain (m); hindbrain (h); otic vesicle (ov);
spinal cord (sc), notochord (n) and somites (s).
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The unbiased analysis of our data precisely identifies cis-
regulatory elements, and their potential target genes, associated
with the transition from a pluripotent state, at the blastula stage,
to more committed states during gastrulation and organogenesis.
Enhancers that lose H3K27ac at blastula and gastrula stages are
enriched for pluripotent factor binding sites, and the majority of
them actually overlap with genomic peaks of the Nanog-like factor
(Xu et al. 2012) at blastula stages. This strongly suggests that
Nanog and other pluripotent factors regulate these regions during
pluripotency stages and that these enhancers probably need to be
inactivated in order to facilitate developmental progression. In-
deed, these early enhancers flank pluripotent genes and genes in-
volved in early developmental processes such as germ layer for-
mation, in which some degree of pluripotency is still maintained.
On the contrary, the enhancers that incorporate H3K27ac at gas-
trula stages or later are associated with genes that control pattern
formation. Moreover, these enhancers display a significant enrich-
ment in tissue-specific transcription factor signatures and are likely
participating in the acquisition of more differentiated states. We
therefore expect that the coordination between processes that lead
to the deposition of H3K27ac at some enhancers and the removal of
thatmark in other enhancers constitute an essentialmechanism for
the transition of pluripotency to cell differentiation.
Methods
ChIP-seq
Chromatin immunoprecipitation (ChIP) was performed following
the protocol described in Wardle et al. (2006) with minor modifi-
cations. For dome, 80% epiboly, and 24-hpf stages, we used 5000,
3000, and 1000 embryos, respectively. The samples were sonicated
using the Diagenode Bioruptor device with the following cycling
conditions: 15 min high–30 sec on, 30 sec off; 15 min on ice; 15
min high–30 sec on, 30 sec off. The size of sonicated DNA was in
the range of 100–500 bp. The anti-H3K4me1 (CS-037-100) and
anti-H3K4me3 (pAB-033-050) antibodies were obtained from
Diagenode. The anti-H3K27ac (ab4729) antibody was purchased
from Abcam. Immunoprecipitated DNA was purified with QIA-
quick columns (Qiagen). The DNA ends were repaired, and the
adaptors ligated. The size-selected (300 bp) library was then am-
plified in a PCR reaction and sequenced using the Genome Ana-
lyzer (Illumina). The sequenced reads were mapped to the refer-
ence zebrafish genome (Ensembl version Zv8 or Zv9) with the
ELAND (v.2) software.
Peak analysis
Highly enriched regions (peaks) of histone methylation and acet-
ylation were obtained by the MACS (v.1.3.3) algorithm (Zhang
et al. 2008) using standard settings with onemodification (mfold =
20). The genomic intersections of H3K4me1/me3 and H3K27ac
peaks were performed using the Galaxy platform with minimum
(1-bp) overlap (Blankenberg et al. 2007; Taylor et al. 2007). Ran-
domly selected peaks were verified by Q-PCR and compared to
their random controls. The PCRs were performed on 1:50 dilutions
of the ChIP samples using theC1000 ThermalCycler (BioRad). The
genomic distribution of H3K4me1/me3 and H3K27ac peaks was
calculated using the PinkThing tool (http://pinkthing.cmbi.ru.nl).
Analysis of putative distal regulatory elements
The PDREs were identified using an approach similar to the
one described previously (Creyghton et al. 2010). Essentially,
H3K4me1 peaks were filtered for H3K4me3-enriched regions
and TSS sites (1kb/+1kb) belonging to RefSeq and Ensembl
models. The heat maps were generated by the seqMINER pro-
gram (Ye et al. 2011) using standard settings. The sequenced
reads were mapped to a region spanning 5kb/+5kb from the
PDRE center. Box plots were generated in R using default set-
tings. To generate average profiles of PDREs over developmental
and random genes, our merged collection of PDREs was mapped
to1Mb/+1Mb surrounding the transcription start site. The bin
size was 10 kb. The developmental genes were selected based
on the GOA description entry ‘‘embryo development’’ (http://
www.biomart.org). To compare distributions of PDREs over
developmental and random genes, the Kolmogorov-Smirnov
test was used. This test is nonparametric, and it makes no as-
sumption on the distribution of the data analyzed. The results
were highly significant (D = 0.5400, P-value<0.00001). The PDREs
corresponding to the Zv9 genome assembly (Supplemental Ta-
bles S19–S22) have been generated by converting Zv8 PDRE lo-
cations with the UCSC ‘‘liftOver’’ tool (http://genome.ucsc.
edu/cgi-bin/hgLiftOver).
Analysis of H3K27 differentially acetylated regions
The differentially acetylated regions were identified using Fisher’s
exact test (Q-value cut-off = 0.05). For each PDRE, a 2 3 2 contin-
gency table was constructed. The number of reads mapped to
a PDRE and the number of total sequenced reads were compared
between two subsequent developmental stages. These DARs were
then filtered for regions with greater than fourfold differences in
read counts. K-means clustering (k = 3) was performed by the
seqMINER program (Ye et al. 2011) using standard settings. The
sequenced reads were mapped to a region spanning 5kb/+5kb
from the DAR center. Entries belonging to clusters containing
DARswith low read counts (cluster 3) were eliminated from further
analysis, whereas the clusters with both significant and abundant
changes (clusters 1 and 2)were analyzed further. The selectedDARs
were then mapped to their nearest genes using the PinkThing tool
(http://pinkthing.cmbi.ru.nl). Gene ontology analysis was per-
formed using the Ontologizer program (Bauer et al. 2008). For the
GO analysis, the Parent-Child union method was used in combi-
nation with the Benjamini-Hochberg multiple testing correction
and a corrected P-value threshold was set at 0.01. The motifs were
obtained from the JASPAR vertebrate motif database (Sandelin
et al. 2004). For themotif analysis, motifs enriched in every cluster
were compared to the entire collection of PDREs by a hyper-
geometric test, followed by a Benjamini-Hochbergmultiple testing
correction (P-value cut-off = 0.05). Hierarchical clustering ofmotifs
significantly enriched in at least one cluster was performed in R.
For the evolutionary analysis of DARs, the vertebrate phastCons
track was obtained from the UCSC repository. The values ranging
from 0 = nonconserved to 1 = highly conserved, were assigned to
each nucleotide in each DAR, and the mean phastCons value was
calculated. Different DARs were validated by qPCR. The PCRs were
performed on 1:10 dilutions of ChIP samples using the C1000
Thermal Cycler (BioRad). For primers, see Supplemental Table S18.
The DARs corresponding to the Zv9 genome assembly (Supple-
mental Tables S23–S25) have been generated by converting Zv8
DAR locations with the UCSC ‘‘liftOver’’ tool (http://genome.
ucsc.edu/cgi-bin/hgLiftOver).
Integration of ChIP-seq and RNA-seq data
To integrate H3K27ac and H3K4me1 ChIP-seq data with pre-
viously published RNA-seq profiles (Pauli et al. 2012), genomic
locations corresponding to clusters of differentially acetylated
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regions or putative distal regulatory elements were converted
from the zebrafish Zv8 to Zv9 assembly using the UCSC ‘‘liftOver’’
tool (http://genome.ucsc.edu/cgi-bin/hgLiftOver). The RNA-seq
reads were then mapped to the nearest gene corresponding to
each genomic location. The y-axis represents the number of
mapped RNA-seq reads divided by gene length (kb).
Zebrafish transgenesis
All PDREs were amplified by PCR from the zebrafish genome
(Supplemental Table S17). The PCR fragments were subcloned in
the PCR8/GW/TOPO vector and, using Gateway technology,
transferred to the corresponding ZED vector (Bessa et al. 2009).
Zebrafish transgenic embryos were generated using the Tol2
transposon/transposase method (Kawakami 2004) with minor
modifications. One-cell embryos were injectedwith: 2 nl of 25 ng/ml
of transposase mRNA, 20 ng/ml of phenol/chloroform-purified
ZED constructs, and 0.05% phenol red solution. Three or more
independent stable transgenic lines were generated for each con-
struct. All animal experiments were conducted following the
guidelines established and approved by the local government and
the Institutional Animal Care and Use Committee, always in ac-
cordance with best practices outlined by the European Union.
Zebrafish in situ hybridization
Antisense RNA probes were prepared from cDNA using digox-
igenin or fluorescein (Boehringer Mannheim) as labels. Zebrafish
specimens were prepared, hybridized, and stained as described
before (Jowett and Lettice 1994).
Data access
The ChIP-seq data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.
gov/geo/) under accession no. GSE32483.
Acknowledgments
We thank F. Casares, Miguel Manzanares, and Jaime Carvajal for
helpful discussions and comments on the manuscript. We thank
the Spanish and Andalusian Governments for grants (BFU2010-
14839, CSD2007-00008, and Proyecto de Excelencia CVI-3488) for
funding this study.
References
Aday AW, Zhu LJ, Lakshmanan A, Wang J, Lawson ND. 2011. Identification
of cis regulatory features in the embryonic zebrafish genome through
large-scale profiling of H3K4me1 and H3K4me3 binding sites. Dev Biol
357: 450–462.
Bauer S, Grossmann S, Vingron M, Robinson PN. 2008. Ontologizer 2.0—
a multifunctional tool for GO term enrichment analysis and data
exploration. Bioinformatics 24: 1650–1651.
Bessa J, Tena JJ, de la Calle-Mustienes E, Fernandez-Minan A, Naranjo S,
Fernandez A, Montoliu L, Akalin A, Lenhard B, Casares F, et al. 2009.
Zebrafish enhancer detection (ZED) vector: A new tool to facilitate
transgenesis and the functional analysis of cis-regulatory regions in
zebrafish. Dev Dyn 238: 2409–2417.
Blader P, Lam CS, Rastegar S, Scardigli R, Nicod JC, Simplicio N, Plessy C,
Fischer N, Schuurmans C, Guillemot F, et al. 2004. Conserved and
acquired features of neurogenin1 regulation. Development 131: 5627–
5637.
Blankenberg D, Taylor J, Schenck I, He J, Zhang Y, Ghent M, Veeraraghavan
N, Albert I, Miller W, Makova KD, et al. 2007. A framework for
collaborative analysis of ENCODE data: Making large-scale analyses
biologist-friendly. Genome Res 17: 960–964.
Blow MJ, McCulley DJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I,
Shoukry M, Wright C, Chen F, et al. 2010. ChIP-Seq identification of
weakly conserved heart enhancers. Nat Genet 42: 806–810.
Bonn S, Zinzen RP, Girardot C, Gustafson EH, Perez-Gonzalez A, Delhomme
N, Ghavi-Helm Y, Wilczynski B, Riddell A, Furlong EE. 2012. Tissue-
specific analysis of chromatin state identifies temporal signatures of
enhancer activity during embryonic development. Nat Genet 44: 148–
156.
Chambers I, Silva J, Colby D, Nichols J, Nijmeijer B, Robertson M, Vrana J,
Jones K, Grotewold L, Smith A. 2007. Nanog safeguards pluripotency
and mediates germline development. Nature 450: 1230–1234.
Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ,
Hanna J, Lodato MA, Frampton GM, Sharp PA, et al. 2010. Histone
H3K27ac separates active from poised enhancers and predicts
developmental state. Proc Natl Acad Sci 107: 21931–21936.
Dahl JA, Reiner AH, Klungland A, Wakayama T, Collas P. 2010. Histone H3
lysine 27 methylation asymmetry on developmentally-regulated
promoters distinguish the first two lineages in mouse preimplantation
embryos. PLoS ONE 5: e9150. doi: 10.1371/journal.pone.0009150.
Domazet-Loso T, Tautz D. 2010. A phylogenetically based transcriptome age
index mirrors ontogenetic divergence patterns. Nature 468: 815–818.
Ernst J, Kheradpour P,Mikkelsen TS, ShoreshN,Ward LD, EpsteinCB, Zhang
X, Wang L, Issner R, Coyne M, et al. 2011. Mapping and analysis of
chromatin state dynamics in nine human cell types. Nature 473: 43–49.
Gaulton KJ, NammoT, Pasquali L, Simon JM,Giresi PG, FogartyMP, Panhuis
TM, Mieczkowski P, Secchi A, Bosco D, et al. 2010. A map of open
chromatin in human pancreatic islets. Nat Genet 42: 255–259.
Grinberg I, Northrup H, Ardinger H, Prasad C, DobynsWB, Millen KJ. 2004.
Heterozygous deletion of the linked genes ZIC1 and ZIC4 is involved in
Dandy-Walker malformation. Nat Genet 36: 1053–1055.
Guo G, Huss M, Tong GQ, Wang C, Li Sun L, Clarke ND, Robson P. 2010.
Resolution of cell fate decisions revealed by single-cell gene expression
analysis from zygote to blastocyst. Dev Cell 18: 675–685.
Hawkins RD, Hon GC, Yang C, Antosiewicz-Bourget JE, Lee LK, Ngo QM,
Klugman S, Ching KA, Edsall LE, Ye Z, et al. 2011. Dynamic chromatin
states in human ES cells reveal potential regulatory sequences and genes
involved in pluripotency. Cell Res 21: 1393–1409.
HeintzmanND, Stuart RK, HonG, Fu Y, ChingCW,Hawkins RD, Barrera LO,
Van Calcar S, Qu C, Ching KA, et al. 2007. Distinct and predictive
chromatin signatures of transcriptional promoters and enhancers in the
human genome. Nat Genet 39: 311–318.
Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, Ye Z,
Lee LK, Stuart RK, Ching CW, et al. 2009. Histone modifications at
human enhancers reflect global cell-type-specific gene expression.
Nature 459: 108–112.
Irie N, Kuratani S. 2011. Comparative transcriptome analysis reveals
vertebrate phylotypic period during organogenesis.Nat Commun 2: 248.
doi: 10.1038/ncomms1248.
Jowett T, Lettice L. 1994. Whole-mount in situ hybridizations on zebrafish
embryos using a mixture of digoxigenin- and fluorescein-labelled
probes. Trends Genet 10: 73–74.
Kalinka AT, Varga KM, Gerrard DT, Preibisch S, Corcoran DL, Jarrells J, Ohler
U, Bergman CM, Tomancak P. 2010. Gene expression divergence
recapitulates the developmental hourglass model.Nature 468: 811–814.
Kawakami K. 2004. Transgenesis and gene trap methods in zebrafish by
using the Tol2 transposable element. Methods Cell Biol 77: 201–222.
Keller MJ, Chitnis AB. 2007. Insights into the evolutionary history of the
vertebrate zic3 locus from a teleost-specific zic6 gene in the zebrafish,
Danio rerio. Dev Genes Evol 217: 541–547.
Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, Harmin DA,
Laptewicz M, Barbara-Haley K, Kuersten S, et al. 2010. Widespread
transcription at neuronal activity-regulated enhancers. Nature 465:
182–187.
Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. 1995. Stages
of embryonic development of the zebrafish. Dev Dyn 203: 253–310.
Lim LS, Loh YH, Zhang W, Li Y, Chen X, Wang Y, Bakre M, Ng HH, Stanton
LW. 2007. Zic3 is required for maintenance of pluripotency in
embryonic stem cells. Mol Biol Cell 18: 1348–1358.
Nishimoto S, Nishida E. 2007. Fibroblast growth factor 13 is essential for
neural differentiation in Xenopus early embryonic development. J Biol
Chem 282: 24255–24261.
Ong CT, Corces VG. 2011. Enhancer function: New insights into the
regulation of tissue-specific gene expression.Nat Rev Genet 12: 283–293.
Pauli A, Valen E, Lin MF, Garber M, Vastenhouw NL, Levin JZ, Fan L,
Sandelin A, Rinn JL, Regev A, et al. 2012. Systematic identification of
long noncoding RNAs expressed during zebrafish embryogenesis.
Genome Res 22: 577–591.
Pekowska A, Benoukraf T, Zacarias-Cabeza J, Belhocine M, Koch F, Holota H,
Imbert J, Andrau JC, Ferrier P, Spicuglia S. 2011. H3K4 tri-methylation
provides an epigenetic signature of active enhancers. EMBO J 30: 4198–
4210.
Bogdanovic et al.
2052 Genome Research
www.genome.org
 Cold Spring Harbor Laboratory Press on February 15, 2016 - Published by genome.cshlp.orgDownloaded from 
Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA, Flynn RA, Wysocka J.
2011. A unique chromatin signature uncovers early developmental
enhancers in humans. Nature 470: 279–283.
Sakabe NJ, Nobrega MA. 2010. Genome-wide maps of transcription
regulatory elements. Wiley Interdiscip Rev Syst Biol Med 2: 422–437.
Sandelin A, Alkema W, Engstrom P, Wasserman WW, Lenhard B. 2004.
JASPAR: An open-access database for eukaryotic transcription factor
binding profiles. Nucleic Acids Res 32: D91–D94.
Santos-Rosa H, Schneider R, Bannister AJ, Sherriff J, Bernstein BE, Emre NC,
Schreiber SL, Mellor J, Kouzarides T. 2002. Active genes are tri-
methylated at K4 of histone H3. Nature 419: 407–411.
Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, Rosenbloom K,
Clawson H, Spieth J, Hillier LW, Richards S, et al. 2005. Evolutionarily
conserved elements in vertebrate, insect, worm, and yeast genomes.
Genome Res 15: 1034–1050.
Sprague J, Bayraktaroglu L, Clements D, Conlin T, Fashena D, Frazer K,
Haendel M, Howe DG, Mani P, Ramachandran S, et al. 2006. The
Zebrafish Information Network: The zebrafish model organism
database. Nucleic Acids Res 34: D581–D585.
Tang F, Barbacioru C, Bao S, Lee C, Nordman E, Wang X, Lao K, Surani MA.
2010. Tracing the derivation of embryonic stem cells from the inner cell
mass by single-cell RNA-Seq analysis. Cell Stem Cell 6: 468–478.
Taylor J, Schenck I, Blankenberg D, Nekrutenko A. 2007. Using galaxy to
perform large-scale interactive data analyses. Curr Protoc Bioinformatics
38: 10.5.1–10.5.47.
Tjian R,Maniatis T. 1994. Transcriptional activation: A complex puzzle with
few easy pieces. Cell 77: 5–8.
Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I, Shoukry
M, Wright C, Chen F, et al. 2009. ChIP-seq accurately predicts tissue-
specific activity of enhancers. Nature 457: 854–858.
Wang C, Hennessey JA, Kirkton RD, Graham V, Puranam RS, Rosenberg PB,
Bursac N, Pitt GS. 2011. Fibroblast growth factor homologous factor 13
regulates Na+ channels and conduction velocity in murine hearts. Circ
Res 109: 775–782.
Wardle FC, Odom DT, Bell GW, Yuan B, Danford TW, Wiellette EL,
Herbolsheimer E, Sive HL, Young RA, Smith JC. 2006. Zebrafish
promoter microarrays identify actively transcribed embryonic genes.
Genome Biol 7: R71. doi: 10.1186/gb-2006-7-8-r71.
Ware SM, Peng J, Zhu L, Fernbach S, Colicos S, Casey B, Towbin J, Belmont
JW. 2004. Identification and functional analysis of ZIC3 mutations in
heterotaxy and related congenital heart defects. Am J HumGenet 74: 93–
105.
Ware SM, Harutyunyan KG, Belmont JW. 2006. Zic3 is critical for early
embryonic patterning during gastrulation. Dev Dyn 235: 776–785.
Xu C, Fan ZP, Muller P, Fogley R, Dibiase A, Trompouki E, Unternaehrer J,
Xiong F, Torregroza I, Evans T, et al. 2012. Nanog-like regulates
endoderm formation through the Mxtx2-Nodal pathway. Dev Cell 22:
625–638.
Ye T, Krebs AR, Choukrallah MA, Keime C, Plewniak F, Davidson I, Tora L.
2011. seqMINER: An integrated ChIP-seq data interpretation platform.
Nucleic Acids Res 39: e35. doi: 10.1093/nar/gkq1287.
Zentner GE, Tesar PJ, Scacheri PC. 2011. Epigenetic signatures distinguish
multiple classes of enhancers with distinct cellular functions. Genome
Res 21: 1273–1283.
Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum
C, Myers RM, BrownM, Li W, et al. 2008. Model-based analysis of ChIP-
Seq (MACS). Genome Biol 9: R137. doi: 10.1186/gb-2008-9-9-r137.
Received November 14, 2011; accepted in revised form May 7, 2012.
Epigenetic regulatory landscape during embryogenesis
Genome Research 2053
www.genome.org
 Cold Spring Harbor Laboratory Press on February 15, 2016 - Published by genome.cshlp.orgDownloaded from 
 10.1101/gr.134833.111Access the most recent version at doi:
2012 22: 2043-2053 originally published online May 16, 2012Genome Res. 
  
Ozren Bogdanovic, Ana Fernandez-Miñán, Juan J. Tena, et al. 
  
from pluripotency to cell specification during embryogenesis
Dynamics of enhancer chromatin signatures mark the transition
  
Material
Supplemental
  
 http://genome.cshlp.org/content/suppl/2012/07/26/gr.134833.111.DC1.html
  
References
  
 http://genome.cshlp.org/content/22/10/2043.full.html#ref-list-1
This article cites 48 articles, 13 of which can be accessed free at:
  
License
Commons 
Creative
  
.http://creativecommons.org/licenses/by-nc/3.0/described at 
a Creative Commons License (Attribution-NonCommercial 3.0 Unported License), as 
). After six months, it is available underhttp://genome.cshlp.org/site/misc/terms.xhtml
first six months after the full-issue publication date (see 
This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the
Service
Email Alerting
  
 click here.top right corner of the article or 
Receive free email alerts when new articles cite this article - sign up in the box at the
 http://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 
© 2012, Published by Cold Spring Harbor Laboratory Press
 Cold Spring Harbor Laboratory Press on February 15, 2016 - Published by genome.cshlp.orgDownloaded from 
